The Holographic Principle relates the total number of degrees of freedom of a physical system to the area of a covariantly defined surface enclosing it. Since once the density and velocity dispersion of a galactic halo have been fixed, the number of degrees of freedom remains a function of the dark matter particle mass only, we show that the validity of this principle would imply the existance of a strict upper limit on the mass of the dark matter particle making up astrophysical dark halos. Using values typical of small clusters of galaxies we obtain m D ≤ 6.2 × 10 2 GeV
Introduction
One of the most exciting developments of the last few years, at the intersection of the fields of General Relativity and Quantum Mechanics, has been the proposal of the "Holographic Principle". This principle has been stated as saying that the total entropy internal to a spherical surface must be smaller than or equal to, a quarter of the area of the enclosing surface, measured in units of the Plank area e.g. 't Hooft (1993) , Susskind (1995) . This proposal comes from the validity of the statement in a number of particular cases, mostly including black hole physics (where the surface becomes the event horizon), and other instances of relativistic systems, where one must consider suitably defined light-sheets (Bousso (2003) ).
It is a well known result that the surface area of the event horizon of a black hole is proportional to the black holes mass -an extensive quantitywhich might easily be related to total entropy. The general validity of the holographic principle, in as much as it implies a direct relation between quantum physics and the macroscopic properties of a system, could well prove fundamental in reaching a deeper understanding of the relation between gravity and the other forces of nature.
More recently it has been proposed that, at the most fundamental level, the area of the sphere enclosing a system might relate not directly to the entropy of the system, but to the total number of internal degrees of freedom (e.g. Bousso (2003)). If we take this statement of the holographic principle, and apply it to ordinary Newtonian systems, we have a tool for deriving limits on the mass of dark matter particles composing the dark halos which form the dominant gravitational components of galaxies.
Astrophysical studies over the last years have yielded increasingly detailed estimates of both total dark matter contents, and actual dark matter density profiles. This last has been the result of studies of galactic rotation velocity curves, which over most of the measurable extent of spiral galax-ies, look flat e.g. Salucci et al. (1999) . This observation, together with the rapidly outward declining relevance of the baryonic component, always well represented by a radially decreasing exponential surface density profile, has led to the conclusion that galactic dark matter halos have a density profile which decreases as ρ(r) ∝ r −2 . This last inference is reasonable if we imagine that galactic dark haloes are formed by non-collisional dark matter particles, which virialized into a close to isothermal (Maxwell-Boltzmann) distribution function as a result of a rapidly fluctuating gravitational potential associated with their formation processes. Thus, astrophysical observations yield both densities and velocity dispersions for the dark matter particles composing galactic halos.
In this Letter, we shall use the astrophysical inferences mentioned above to estimate the total number of degrees of freedom associated with a galactic dark halo which, having fixed the density and velocity dispersion, is a function only of the dark matter particle mass. The application of the holographic principle then yields an upper limit on the mass of the dark matter particle. At this point it is still too early to give a final answer on the universal validity or otherwise of this principle, however, we shall explore what consequences it would hold in the context of astrophysical structures other than collapsed objects.
In section (2) we estimate the total number of degrees of freedom internal to a galactic dark halo, which we then turn into an upper bound on the dark matter particle mass through an application of the holographic principle in section (3). A discussion of the relevance of the bound obtained is included in section (4), and section(5) presents our conclusions.
Dark Halo internal degrees of freedom
An interesting debate rages in the literature regarding the details of the inner region of dark matter halos. Numerical simulations of the cosmological mechanism thought to be responsible for the formation of galactic dark halos, (the hierarchical merger of the initially small structures thought to have originated during the inflationary period) invariably yield dark halo structures having a centrally divergent density profile, e.g. Navarro et al. (1997) , Ghigna et al. (2000) . On the other hand, the direct observation of galactic rotation curves, notably in low surface brightness and dwarf spiral galaxies, where the baryonic component is marginal, tend to favour dark halos having constant density inner profiles, well fitted by classical isothermal or King type profiles (e.g. Burkert & Silk (1997) , Firmani et al. (2001) ). However, there is no disagreement regarding the bulk of the extent of galactic halos, e.g. for a case like the Milky Way, it is patently clear that the dark halo has a density which decreases as ρ(r) ∝ r −2 outwards of say 10 kpc, and remains so for at least out to 100 kpc (e.g. Wilkinson & Evans (1999) , Hernandez et al. (2001) ).
This last observation allows us to write the velocity dispersion of dark matter particles in a galactic halo as:V rot = √ 2 σ, where V rot is the rotation velocity of the halo. This relation is valid, to within a factor of 2, for practically any reasonable distribution function which might be responsible for the ρ(r) ∝ r −2 profile, regardless of the degree of anisotropy present, Binney & Tremaine (1987) .
The number of degrees of freedom available to a single particle of dark matter of mass m D within a halo characterized by a rotation velocity V rot will be:
where ∆p 3 and ∆x 3 are the volumes in momentum and position space available to the particle, respectively. At any given radius r, ∆x 3 = m D /ρ(r) and, on average, ∆p = (m D V rot )/ √ 2. Assuming spherical symmetry, the total mass of a dark halo shell of radius r will be 4πr 2 ρ(r)dr, and hence we can write the total number of degrees of freedom, out to radius R, as:
where the factor in parenthesis is the number of particles in the shell. Assuming a strictly isothermal halo this comes to:
In this estimate of the total internal degrees of freedom we have disregarded the presence of the baryonic component and departures from a constant rotation velocity in the central regions. The first of these effects is unlikely to contribute more than 5-10 % which is the fracton of the halo contributed by ingredients other than dark matter Hernandez et al. (2001) , the larger the value of R taken, the more accurate the estimate of equation (2) will be. Ignoring the details of the rotation curve in the central region will similarly represent an uncertainty of around 10%, the fraction of the halo over which such effects are important. It can be seen that the greatest error in equation (2) might be coming from the assumption of a particular distribution function, i.e the supposition of V rot = √ 2 σ. It will then be safe to assume that our result of equation (2) must be accurate to no more than a factor of ≃ 2.
A first upper bound on the dark matter particle mass
Passing from a formulation of the holographic principle based on entropy to one based on degrees of freedom allows the direct application of the principle to the dark halo in question, as theoretical uncertainties regarding the correct form of entropy associated to self-gravitating systems become irrelevant to our present work.
The spacetime associated with a galactic halo corresponds to the weak field metric:
whose source is
t where µ and P are the matter-energy density and pressure. For a self gravitating gas system with velocity dispersion σ, Newtonian conditions imply σ/c ≪ 1, hence: µ = ρ c 2 +O(σ 2 /c 2 ) and P ∝ σ 2 ρ ≪ ρ, where ρ is the rest-mass density. Up to order σ/c the resulting field equations are:
assuming an isotropic velocity distribution. This system is integrable once we specify the function ρ = ρ(Φ), whose form depends on the specific halo model. This quasi-minkowskian weak field spacetime satisfies the criteria given in the "spacelike projection theorem" (Bousso 2002), therefore the holographic principle can be applied simply to the surface area of the sphere enclosing the halo described by equations (3) and (4), in this case the radius r = R. Now, in this terms the holographic principle would read:
where A p is the Plank area, 2.6 × 10 −70 m 2 . Through equation (5) we can directly compare the result of equation (2) with the area of the dark matter halo and solve for m D to get:
GeV. (6) Equation (6) is hence an upper bound on the mass of the dark matter particle making up a galactic halo. If we now substitute numerical values into eq. (6), with values typical for the Milky Way of V rot = 220kms −1 and a conservative value of R = 100kpc, we get:
This upper is certainly a large one although not uninteresting one, we can however take larger values for V rot and R, for example values typical of small clusters of galaxies, V rot = 1000km s −1 and R = 1000kpc to get:
4. Discussion Equation (7) is a very interesting upper bound to the masses of Supersymmetric Dark Matter candidates (Ellis (2002); Cabral-Rosseti et al. (2002) ). Of the various supersymmetric particles predicted by assorted version of the supersymmetric theories and supergravity, only one, the lightest, can be stable and contribute to Ω, but the theories do not at present tell us which one, or what masses to expect. Some of the most popular candidates to be the lightest supersymmetric particles (LSP) are the neutralinos ( χ 0 1 ), a mixture of the supersymmetric partners of the photon, Z boson and neutral Higgs bosons (e.g. Abreu et al. (2000) ; Ellis et al. (2000) ) with masses m χ 0 1 > 46 GeV , the axinos ( a), the partner of the hypothetical axion (e.g. Covi et al. (2001) ) with masses m a > 10 GeV and the gravitinos ( G), which are generally unwelcome, since detecting them would be very difficult (e.g. Kawasaki & Moroi (1995) ), with masses m G > 100 GeV . Since all these masses are expected to be in the range of tens to hundreds of GeV ′ s, we can say, from the point of view of the holographic principle as treated here, that the above candidates remain feasible. We recently introduced an entropy criterion, which when applied to the neutralinos (Cabral-Rosseti et al. (2003) ), yields a range of 150 GeV < m χ 0 1 < 250 GeV , also compatible with Baltz et al. (2002) and equation (7).
On the other hand, the relevance of equation (7) is in ruling out certain proposed dark matter candidate particles, predicted by different theories. For instance, preons in composite models with masses around to 20 − 200 T eV ′ s, monopoles in Gran Unification Theories with masses of around to 10 16 GeV ′ s, pyrgons, maximons, etc. in higher-dimension theories with masses around to 10 19 GeV ′ s and supersymmetric strings in SUSY/SUGRA models with masses of around to 10 19 − 10 20 GeV ′ s Dolgov (1999).
Concusions
We have shown that a statement of the holographic principle in terms of number of degrees of freedom can be directly turned into an upper bound on the mass of the dark matter particles forming galactic dark halos. The validity of this principle is not at the moment assured, but it is interesting to note that if it indeed turned out to represent part of the fundamental structure of nature, its application to astrophysical structures would imply an upper limit for dark matter particles of 4.6 × 10 2 GeV , to within a factor of ≃ 2. This limit is compatible with certain candidates e.g. the neutralino, and incompatible with other options, e.g. monopoles.
